Background: Malignant central airway obstruction (CAO) occurs in approximately 20-30% of patients with lung cancer and is associated with debilitating symptoms and poor prognosis. Multimodality therapeutic bronchoscopy can relieve malignant CAO, though carries risk. Evidence to guide clinicians regarding which patients may benefit from such interventions is sparse. We aimed to assess the clinical and radiographic predictors associated with therapeutic bronchoscopy success in relieving malignant CAO.
Introduction
Central airway obstruction (CAO) can result from a variety of malignant and non-malignant disorders [1] and is generally defined as > 50% obstruction of the trachea, mainstem bronchi, bronchus intermedius or lobar bronchi [1] [2] [3] [4] . Malignant CAO occurs more frequently than non-malignant obstruction [5] , and is estimated to occur in approximately 20-30% of patients with primary lung cancer, often presenting as late stage or recurrent locoregional disease [1, [6] [7] [8] [9] [10] . In addition, malignant CAO can occur in patients with metastatic disease from nonpulmonary malignancies, including breast, colon, thyroid, and renal cancers, among others [1, 4] . In all cases, malignant CAO is considered a serious and life-threatening complication, often resulting in dyspnea, hemoptysis, atelectasis, obstructive pneumonia, and respiratory failure, leading to decreased functional status, reduced quality of life and increased mortality [8, 9, 11, 12] .
Therapeutic bronchoscopy with tumor debridement, ablative therapies, stent placement, and other modalities has been shown to palliate symptoms, improve spirometry, functional capacity, quality of life and survival in patients with malignant CAO [5, 6, [8] [9] [10] [11] [13] [14] [15] [16] [17] . However, therapeutic bronchoscopy is a high-risk procedure, often performed under general anesthesia and with complications including bleeding, hypoxia, airway perforation, respiratory failure and death [2, 6, [18] [19] [20] . Further, many patients presenting with malignant CAO may have significantly impaired functional status, particularly respiratory reserve, when considering therapeutic bronchoscopy [13, 18, 19] . Better defining which patients may benefit from such interventions is paramount; however, evidence to guide clinicians is sparse. We aimed to assess the clinical and radiographic predictors associated with therapeutic bronchoscopy success in relieving malignant CAO.
Methods
We retrospectively reviewed all cases of therapeutic bronchoscopy performed for symptomatic malignant CAO at our single institution between January 2010 and February 2017. Malignant CAO was defined as a luminal obstruction of > 50% in the trachea, mainstem bronchi, bronchus intermedius and/or a lobar bronchus, consistent with previous major studies [13, 18] . All therapeutic interventions were performed at the discretion of the attending bronchoscopist. Therapeutic success was defined as the ability to establish airway lumen patency > 50% during the bronchoscopic intervention [13, 18] . All unsuccessful cases were included; comparative successful cases were randomly selected from the data set for analysis. Since the randomly selected patients in the successful group did not have any significant difference from the unsuccessful group in age, gender, race, BMI, type of malignancy and comorbid lung diseases including COPD, asthma and interstitial lung disease, propensity score matching was not performed to avoid introducing any potential bias. This study was approved by the Duke University Institutional Review Board (Pro00100722).
Therapeutic bronchoscopy procedure
Therapeutic bronchoscopy at our institution was performed in the operating room, and a rigid bronchoscope (Bryan Corporation, Woburn, Mass., USA) was inserted into the airway via the mouth under general anesthesia. All patients were ventilated using an automated jet ventilator (Bear Jet-150). The rigid telescope, flexible bronchoscope and other instruments utilized during the procedure were inserted via the primary lumen of the rigid bronchoscope for therapeutic intervention, as we have previously described [3] . In general, intrinsic or endobronchial lesions were debrided using multiple modalities. Argon plasma coagulation (APC) and rigid or flexible electrocautery (ERBE USA, Inc., Marietta GA, USA) were preferred heat modalities utilized for tumor ablation and/or hemostasis during tumor debridement. Stent placement was performed, when necessary, for extrinsic or mixed compressive lesions, with metal (Ultraflex Boston Scientific, Marlborough, MA, USA), hybrid (AERO, Merit Medical Endotek, South Jordan, UT, USA) or silicone (NOVATECH Dumon, Boston Medical Products, Inc., Westborough, MA, USA) stents chosen at the discretion of the bronchoscopist based on the type and location of the airway obstruction [3] . The average duration of the therapeutic rigid bronchoscopy procedure at our institution was 60 min.
Data collected
Information including basic demographics, smoking, pulmonary comorbidities, malignant tumor histology and oncologic treatment history was extracted from patient charts. Bronchoscopic airway obstruction data including severity of obstruction (%lumen occluded), endo-luminal location, type of obstruction (extrinsic, intrinsic or mixed), patency of visualized airways distal to the obstruction, technical aspects of the procedure, and degree of therapeutic success after the intervention was extracted from the documented procedure notes. Radiographic studies prior to and after the intervention were reviewed for airway patency and radiographic improvement by independent reviewers not previously involved in the procedures. Patient charts were reviewed for any procedure-related complications including hypoxic respiratory failure, pneumomediastinum, pneumothorax, bleeding, infection, stent migration or death occurring as a direct result of the procedure within 72 h. Overall survival was calculated as the time from therapeutic bronchoscopy to death or date of last patient follow up.
Statistical analysis
Univariate analyses, including chi-square, Mantel Haenszel tests and Kruskal-Wallis tests were performed to test the association between therapeutic success of bronchoscopy and the above defined unordered categorical, ordered categorical and continuous explanatory variables, respectively. Multivariate logistic regression was built with clinically relevant and statistically significant predictors of therapeutic success from simple odds ratio calculation. Median survival and associated 95% confidence intervals were estimated with Kaplan-Meier method. Log-rank testing was used to evaluate survival differences for therapeutic success and failure groups. Statistical analyses were conducted using SAS version 9.4 (Cary, NC).
Results
From January 2010 through February 2017, 301 therapeutic bronchoscopies were performed at our institution for malignant CAO; 44 (14.6%) procedures were unsuccessful in establishing airway lumen patency. Unsuccessful cases were compared with 50 randomly selected successful cases (total n = 94). Baseline patient characteristics are presented in Table 1 . Between the successful and unsuccessful groups, there was no difference in patient characteristics including patient age, sex, race, type of malignancy, underlying lung disease or previous therapies used for treatment of underlying malignancy.
Smoking status was associated with a significant difference between successful and unsuccessful therapeutic bronchoscopy groups (p = 0.032). Compared to current smokers, never smokers had higher odds of successful therapeutic bronchoscopy (OR 5.36, 95% CI: 1.45-19.74, p = 0.010). There was a non-significant statistical trend toward higher odds of success in former smokers compared to current smokers (OR 2.61, 95% CI: 0.91-7.48, p = 0.072). Importantly, odds of successful therapeutic bronchoscopy were not significantly different between never smokers and former smokers (OR 2.05, 95% CI: 0.69-6.14, p = 0.197). Although there were less current and former smokers in the successful vs. unsuccessful group (70% vs. 86%, p = 0.03), the prevalence of COPD was similar in both groups (40% vs. 36%, p = 0.71).
The tumor characteristics found during therapeutic bronchoscopy are summarized in Table 2 . There was no significant difference in tumor origin (lung vs. metastatic), tumor histology, non-small cell lung cancer (NSCLC) pathology, location of the obstruction, or type of obstruction (extrinsic, intrinsic or mixed) between successful and unsuccessful groups. However, radiographic distal airway patency, defined as patent airway visualized distal to the central airway obstruction site on chest CT, with or without lung atelectasis, was more common in the successful group (66% vs. 11.4%, p < 0.001) and associated with significantly high odds of success (OR 15.11, 95% CI: 2.98-45.83, p < 0.0001).
The procedural findings and modalities used during therapeutic bronchoscopy are summarized in Table 3 . Time from radiographic diagnosis to intervention was 14.7 days in the successful group vs. 17.2 days in the unsuccessful group, p = 0.71. Percentage of luminal airway obstruction as assessed on bronchoscopy was less in the successful group compared to the unsuccessful group (90% + 10% vs. 100% + 10%, p < 0.001). Odds of therapeutic success significantly decreased with each 10% increase in severity of obstruction (OR 0.36, 95% CI: 0.34-0.39, p < 0.0001). Distal airway patency on bronchoscopy was seen in 58% patients in the successful group vs. 11.4% patients in the unsuccessful group, p < 0.001. Visualizing a distal patent airway beyond the CAO during bronchoscopy was associated with significantly increased odds of therapeutic success (OR 10.77, 95% CI: 3.63-31.95, p < 0.001). Multiple therapeutic modalities were used in the majority of bronchoscopies, including a combination of debridement and ablative therapies, including APC, electrocautery and potassium titanyl phosphate (KTP) laser.
There was no difference in peri-procedural hospital length of stay between the successful and unsuccessful groups (3 ± 4 days vs. 4 ± 6 days, p = 0.32, Table 1 ). Patients in the successful group had improved chest radiographic imaging after the intervention compared to the unsuccessful group (78% vs. 31%, p < 0.001, Table 3 ), but there was no difference in the peri-procedural antibiotic use (16% vs. 18%, p = 0.77, Table 1 ). The patients in the successful vs. unsuccessful groups received adjuvant chemotherapy (42% vs. 50%, p = 0.71, Table 1 ) and radiation (38% vs. 50%, p = 0.40, Table 1 ) as directed by the oncology providers but there was no significant difference.
We used stepwise selection to fit the logistic regression model from the pool of clinically interesting variables which were associated with success of therapeutic bronchoscopy (Table 4 ). Radiographic distal airway patency was associated with high odds of success, controlling for other variables (OR 11.97, 95% CI:2.56-55.69, p = 0.002). Increased time from radiographic finding of CAO to therapeutic bronchoscopy was associated with lower odds of success in the multivariate analysis (OR 0.96, 95% CI: 0.92-1.00, p = 0.048).
Over the study period, the majority of therapeutic bronchoscopies were completed without significant complications (92.6%). A total of 7 complications were observed, including empyema, hypoxic respiratory failure, pneumomediastinum, pneumothorax, and stent migration. One patient (1.1%) developed respiratory failure resulting in death (Table 3) .
Of the patients observed in our data set, we gathered follow up data from a total of 89 therapeutic bronchoscopies 2) compared to the unsuccessful group (6.1 months, 95% CI: 2.1-10.8, log rank p = 0.015, Fig. 1 ).
Discussion
When successful, therapeutic bronchoscopy for the relief of malignant CAO can ameliorate debilitating symptoms and positively impact quality of life [3, 8, 11, 16, 17] ; however, as this is generally performed in high risk patients [18, 19] , identifying clinical predictors associated with successful therapeutic bronchoscopy is of utmost importance in procedural planning [2, 18] . This study evaluates clinical and radiographic factors associated with technical success of therapeutic bronchoscopy to relieve malignant CAO. We found the following factors are associated with higher odds of therapeutic success: 1) CT imaging demonstrating a patent airway distal to the CAO prior to intervention, 2) Patent airway visualized distal to the CAO during bronchoscopy, 3) Non-or former-smoking status prior to therapeutic bronchoscopy and 4) Reduced time from the radiographic diagnosis of CAO to therapeutic intervention.
Successful therapeutic bronchoscopy for the relief of CAO, defined as achieving an airway patency > 50% of the lumen, was achieved in 85.4% of cases, consistent with rates of success previously reported within the literature [3, 13, 21] . A multimodality approach to relieve central airway obstruction was commonly utilized. In the successful group, 27/50 (54%) patients had stent placement to establish durable patency. No patient in the unsuccessful group received a stent, as airway patency could not be established and is essential for stent deployment. Also, KTP laser was used for 11 patients in the successful group and 1 patient in the unsuccessful group, primarily for hemostasis (22% vs. 2%, p = 0.004). On the other hand, APC was used in 15 patients in the successful group and 24 patients in the unsuccessful group (30% vs. 54%, p = 0.01). The association of KTP with success or APC with failure cannot be drawn from this small cohort.
We found that a radiographically patent airway seen distal to the central airway obstruction on CT chest prior to attempted therapeutic intervention, with or without the presence of associated atelectasis, was both more common in the successful group and also associated with significantly greater chances of a technically successful therapeutic bronchoscopy. CT imaging of the chest is widely accepted as an essential component in the evaluation of malignant CAO for not only defining the location, extent and type of airway obstruction but also for procedural planning [1, 2, 6, 22] . Interestingly, in one retrospective study of patients undergoing therapeutic bronchoscopy for CAO, Harris et al. found that airway obstruction on CT chest was often overlooked, omitted from 31% of radiology reports, and resulted in a significant delay in time to bronchoscopy (21 versus 10 days) for patients where the CAO was not reported [23] . Our study also highlights the importance of early radiographic identification of malignant CAO and prompt therapeutic intervention. We found that, when adjusted for other significant variables, each day of delay to therapeutic bronchoscopy from the radiographic CAO diagnosis decreased the probability of successful therapeutic intervention by 4%. Ong et al. also reported that earlier therapeutic bronchoscopy in malignant CAO led to improved quality adjusted survival [17] . This underscores the importance to intervene with therapeutic bronchoscopy in appropriately selected patients as soon as possible.
In addition to radiographic findings, a patent airway distal to the CAO visualized during therapeutic bronchoscopy was independently associated with significantly increased odds of therapeutic success. In a similar retrospective study evaluating the prognostic factors for survival in 2014 patients undergoing therapeutic bronchoscopy, Guibert et al. found that most technical failures (24/26) were related to an inability to traverse or identify a patent airway distal to the malignant CAO during bronchoscopy [21] . Taken together, our findings suggest that careful pre-procedural planning is imperative in considering therapeutic bronchoscopy for malignant CAO, given that a distal patent airway visualized either on CT chest or bronchoscopically can improve the odds of technical success in relieving malignant CAO.
To the best of our knowledge, this is the first study to describe that smoking status was significantly associated with odds of technical success of therapeutic bronchoscopy. Compared to current smokers, never smokers had were less likely to have improvements in dyspnea after their procedure compared to never-smokers [13] . Additionally, Ernst et al. previously found that current tobacco use was independently associated with significantly increased chance of complications during therapeutic bronchoscopy for malignant CAO [19] . Certainly, current smoking alone should not be considered as prohibitive for therapeutic bronchoscopy; however, our study adds to the growing body of literature suggesting that smoking should be considered as a potential predictor for lower technical success, less symptomatic benefit and increased risk of complications. Therefore, patients should be encouraged to quit smoking to optimize outcomes of therapeutic bronchoscopy.
In addition to a correlation with symptom relief, numerous studies have found that successful therapeutic bronchoscopy is associated with improved survival in both malignant and non-malignant CAO [3, 9, 16, 21] . Concordantly, we found a lower rate of death and significantly longer survival in the group undergoing successful relief of malignant CAO, with a hazard ratio of death in the successful group approximately half of that in the unsuccessful group. Similar outcomes were reported by Chhajed et al. in their study of 52 patients undergoing therapeutic bronchoscopy for malignant CAO. They noted that patients with NSCLC related CAO who underwent successful therapeutic bronchoscopy had a median survival of about 8 months, which was not significantly different from patients with advanced NSCLC without CAO [12] . The median survival in their study was comparable to our findings. Successful relief of CAO may prevent or delay morbid complications such as post-obstructive pneumonia, sepsis, respiratory failure and asphyxiation, explaining the potential survival benefit [9, 16] , making early identification of predictors of successful therapeutic bronchoscopy critical.
Though our study was performed at a large-volume center for interventional bronchoscopy, it has several limitations including a retrospective design. We did not collect objective data on changes in patient symptoms or quality of life with the interventions; however, this information was previously reported on a subset of our Fig. 1 Kaplan Meier Curve demonstrating survival among successful vs. unsuccessful therapeutic bronchoscopy groups. Hazard ratio = 0.55, 95% CI: 0.34-0.90, p = 0.017 patients [3] . In addition, radiographic and visual assessment of the severity of CAO was used, which can be imprecise but is the standard of care and used routinely in other studies [3, 23, 24] . Although bronchoscopic debridement techniques and ablative modalities have not changed significantly over last 10 years [14] , oncologic therapies have improved and can impact survival over the study period. However, we cannot conclusively determine this in our small cohort and a large, multicenter study could evaluate this in the future. Finally, it is possible that some of the significant predictors for decreased success of therapeutic bronchoscopy including higher prevalence of smoking and severity of airway obstruction may convey important physiologic differences between successful and unsuccessful patient groups and should be investigated in the future. Further research is also needed to assess if our reported clinical and radiographic predictors of success in therapeutic bronchoscopy for malignant CAO hold true in larger prospective studies and lead to decreased procedural complications in patients who are unlikely to benefit from the intervention.
Conclusions
Predictors associated with success of therapeutic bronchoscopy for relief of malignant CAO include distal airway patency on pre-procedural CT imaging and flexible bronchoscopy. Better odds of achieving airway patency is seen in non-or former-smokers, and with decreased time from radiographic finding of CAO to bronchoscopic intervention.
Abbreviations APC: Argon plasma coagulation; CAO: Central airway obstruction; KTP: Potassium titanyl phosphate; NSCLC: Non-small cell lung cancer; SCLC: Small cell lung cancer
